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A WIDE variety of inhalable substances are known to contribute to the total
toll of deaths from lung cancer in man. These include tobacco smoke, air pollu-
tants, nickel carbonyl, arsenic-containing and chromium-containing compounds,
asbestos dust, and various radioactive dusts. Relatively little is known of the
mechanisms by which these agents act to induce lung cancer either singly or in
combination (see Roe and Walters, 1965 for review).
One requirement for the detailed study of lung cancer aetiology is the avail-
ability of a model laboratory animal system in which it is possible to induce lung
cancer in relatively high incidence. As described in previous publications an
experimental model for the study of the induction oflung cancer has been deve-
loped (Pylev, 1961, 1962, 1963 and 1964). 9,10-Dimethyl-1,2-benzanthracene
(DMBA) or 3,4-benzopyrene (BP) mixed with India ink powder as a suspension
in casein solution was injected intratracheally in rats. In the experiments with
DMBA, lung tumours (squamous cell carcinomas and adenocarcinomas) were
induced in almost 30% of rats (Pylev, 1961, 1962), while in the experiments with
BP lung tumours (mostly squamous cell carcinomas) were found in 67% of rats
(Pylev, 1962, 1964). Other methods of exposure have always led to a lower
incidence of tumours (Niskanen, 1949; Kuschner, Laskin, Cristofano and Nelson,
1957; Della Porta, Kolb and Schubik, 1958; Blacklock, 1957, 1961). It has been
suggested that the higher incidence of lung cancer seen in the experiments of
Pylev might be attributable to prolongation of the period during which the
carcinogen remains in contact with lung tissue. Particles ofIndia ink and carbon
black, which are less readily removed from the lungs than substances in solution,
are able to adsorb carcinogens and thereby delay their elimination from the lungs.
It has been shown that the amount ofthe carcinogen which can be retained in
the lungs depends on the size of the adsorbent particles and on their adsorbtive
capacity. Thus BP injected with thermal carbon black (particle size 3047 A)
was eliminated from rat lung more quickly than BP injected alone, but the same
compound injected with channel carbon black (particle size 128 A) was eliminated
more slowly than BP alone (Pylev, 1962, 1967; Shabad, Pylev and Kolesnichenko,
1964). Saffiotti and his colleagues (1964) obtained very similar results with
haematite. Harington (1962) and Roe, Walters and Harington (1966) have shown
that commercial asbestos contains carcinogenic polycyclic hydrocarbons. Their
presence is partly due to contamination from jute bags in which it is customarily
stored and transported. Carcinogen-containing mineral oils are used in theL. N. PYLEV, F. J. C. ROE AND G. P. WARWICK
processing of jute, and these are adsorbed by the asbestos fibres during storage
(Harington, 1965; Harington and Roe, 1965). The possibility that these adsorbed
carcinogen are wholly or partly responsible for the carcinogenicity of inhaled
asbestos has to be considered. In this connection a recent report by Selikoff and
his colleagues (1968) is ofspecial interest. They found that the risk ofdeath from
bronchogenic carcinoma among asbestos workers was only excessive if they were
also smokers.
These facts stimulated us to undertake a comparison ofthe rate ofelimination
of [3H]3,4-benzopyrene ([3H]BP) from animals subject to a single intratracheal
injection of the labelled carcinogen alone, and from animals injected with the
labelled carcinogen plus either asbestos or carbon black.
In the present experiments hamsters were used since it has been observed
(Saffiotti and his colleagues, 1964) that spontaneous lung tumours are uncommon
in these animals, while they are quite susceptible to lung tumour induction
under experimental conditions (Herrold and Dunham, 1962, 1963; Saffiotti et al.,
1964). Hamsters differ from rats in lung structure and in pulmonary mucus
secretion, but have the advantage over rats in being less prone to spontaneous
pulmonary disease (Roe and Walters, 1965).
MATERIALS AND METHODS
Female hamsters, weighing 80-150 g., of the cream-coated or golden varieties
were used, depending on availability, in different tests. They were housed in
plastic cages and given Oxoid Breeding Diet and water ad libitum.
Tritium labelled 3,4-benzopyrene ([3H]BP) (specific activity 529 mCi/mm) was
obtained from the Radiochemical Centre (Amersham, England). Cold BP was
obtained from L. Light and Co. and purified in the Chemistry Department of the
Chester Beatty Research Institute, on a column of activated aluminium oxide.
This was used to dilute the radioactive material to the required specific radio-
activity.
Assays of radioactivity were carried out by the use of a Packard Tri Carb
Liquid Scintillation Spectrometer Model 3375 and counting efficiency was deter-
mined by the channels ratio method.
Furnace carbon black, with 90% particle size 26-160 m,t, and crocidolite
from the UICC standard samples were used (Timbrell, Gilson and Webster, 1968).
Aminosol vitrum 10%, which contains 10% amino acids and low-molecular
peptides obtained by enzymatic hydrolysis of animal proteins in water, was
obtained from Vitrum Company (Stockholm, Sweden) and was used as a vehicle.
A small amount (less than 0*02 ml per 4 ml. of aminosol vitrum) of Tween 80 was
added and a fine suspension prepared by use of a magnetic stirrer. Stirring was
continued until the injections had been completed.
Hamsters were anaesthetized with ether. 0*2 ml. of suspension was intro-
duced into the trachea via the larynx through a blunt metal needle attached to a
tuberculin syringe. After injection, animals were kept for a few seconds in a
vertical position to prevent any of the suspension flowing out.
Hamsters were killed with ether in the first experiment and by decapitation
in the second and the third experiments.
Lungs, liver and kidneys were removed, quickly weighed and placed in cold
ethanol (10 ml. for lungs and kidneys, and 30 ml. for liver.) Samples were
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homogenized in an Ultra-Torrax homogenizer for 3-4 min. at O0 C. The homo-
genate (1 ml.) was mixed with tetraethylammonium hydroxide (TEH) (1 ml.) and
kept for 2-3 days at room temperature for dissolution before counting. A 0*4 ml.
aliquot was used for radioactive assay.
Lung macrophages were recovered by two different methods. In the first
experiment physiological saline (7 ml.) was injected slowly into the lungs as soon
as they had been removed from the body. A thick needle was passed through the
larynx into the trachea, saline was injected into each lobe and left for 10 seconds.
Then the liquid was removed, the lungs were inverted in a Petri dish and the
remainder ofthe saline was drawn up into a syringe (La Belle and Brieger, 1961).
The cell suspension was centrifuged twice with saline for 15 min. in a MSE bench
centrifuge, and the residue, after suspension in physiological saline (5 ml.) con-
taining saponin (2 drops of5% saponin per 25 ml. ofsaline) to destroyerythrocytes,
was centrifuged again. This procedure was repeated twice. The cells were sus-
pended in saline (5 ml.) and lung macrophages were counted by pipetting a small
drop into a counting chamber (Mod-Fuchs Rosenthal, Depth 0*2 ml.) as used for
white cells. The remaining cells were washed 4 times with saline by centrifuga-
tion. The residue was then suspended in saline (0.5 ml.) andtetraethylammonium
hydroxide (0.5 ml.) was added. After standing overnight at room temperature
0*4 ml. aliquots were taken for radioactive assay.
In the second experiment the procedure was similar except that a different
method was used for recovering macrophages from the lungs. The lungs were
washed out with saline solution without removing them from the animal's body.
1'5 to 2X0 ml. saline being introduced into the bronchial tree via the larynx before
the chest was opened. A further 5 ml. saline was introduced after removal of
the lungs.
For counting radioactivity in blood, 1 ml. of heart blood was taken into a
syringe containing 3.8% trisodium citrate (0.1 ml.) and 0.2 ml. was transferred
into a stoppered test tube. Perchloric acid (0.2 ml.) was added and the contents
were thoroughly mixed, and then 30% hydrogen peroxide (0.4 ml.) was added
and the contents were again well mixed. The sample was placed in a water bath
at 800 C. for 1 hour with occasional shaking (Mahin and Lofberg, 1966) and
0-4 ml. was taken for radioactive assay.
Twenty-four hour samples of faeces from each hamster were homogenized
with distillated water (50 ml.) in an Ultra-Torrax homogenizer. 1 ml. of the
homogenate was transferred to a stoppered test tube and 10 N sodium hydroxide
(0.1 ml.) and hydrogen peroxide (0-1 ml.) were added. The samples were kept
at 370 C. overnight before counting. Twenty-four hour samples of urine were
diluted with distilled water (6 ml.) and 0 4 ml. aliquots used for counting (Rees,
Rowland and Varcoe, 1966).
In all statistical calculations the Student " t " test was used.
EXPERIMENTAL
Counting of the radioactivity in whole organs at various times
Experiment I.-In the first experiment [3H]BP with specific radioactivity 36
,uCi/mg. was used. 109 hamsters were divided into 3 groups:
Group I. 35 animals were injected intratracheally with [3H]BP (5 mg.).
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Group II. 47 animals were injected intratracheally with L3H]BP (5 mg.)
+ crocidolite (1 mg.).
Group III. 27 hamsters were injected intratracheally with [3H]BP (5 mg.)
+ carbon black (1 mg.).
In each case the material was injected as a suspension ofaminosol vitrum (0.2 ml.).
Thirty-one animals died. Three hamsters from each group were killed at
3 hours, 6 hours, 1, 3, 7, 14, 21, 28, 35 days after the intratracheal injection and
radioactivity remaining in lungs, livers and kidneys was estimated.
Experiment II.-In a repetition of the above experiment the specific activity
of the [3H]BP was 20 ,uCi/mg., and animals weighing 130-150 g. were used.
70 animals were divided into 3 groups. Twenty-eight hamsters died, and the
remaining 42 animals (Group I - 12; Group II- 16; Group III - 14) were killed
(2 or 3 at each time) at 3, 7, 14, 21, 28 days after treatment.
Recovery and counting oflung macrophages
Experiment III.-[3H]BP with specific activity 35-5 ,tCi/mg. was used.
Sixty-four hamsters were divided into three groups and treated as in Experiments I
and II. Three hamsters from each group were killed 24 hours after injection and
2 hamsters from each group were killed 7, 14 and 21 days after injection.
Ten hamsters were used for counting the number of macrophages in normal
lungs.
Experiment IV.-In this experiment 52 older hamsters were used. As in
previous experiments they were divided into 3 groups. Three animals from each
group were killed at 6 hours, 1, 7, 14, 21 days after treatment. In this experiment
the total radioactivity present in the lungs after the recovery of macrophages
was determined.
Radioactivity present in blood, faeces and urine
Experiment V.-Hamsters from Experiment III were used. One ml. of blood
was taken from 3 animals on the 1st, 7th, 14th and 21st day of the experiment.
Three hamsters from each group were placed in separate metabolic cages and 24-
hour samples offaeces and urine were collected on the 3rd, 7th, 14th, 21st and 36th
days after treatment.
RESULTS
During the first hours after intratracheal injection of any ofthe test materials,
the animals were distressed and severely dyspnoeic. In the groups injected with
BP alone or BP + carbon black, these symptoms disappeared within 3 days, but
in the group given BP + asbestos the condition ofthe hamsters deteriorated over
a period of 5-10 days and several animals died. Thereafter the condition of
survivors improved and the risk of death subsided. At autopsy, lobar and
lobular pneumonia, mainly affecting the left lung, was found.
Clearance of [3H]BPfrom lungs
The mean percentage ofthe total administered radioactivity in lungs at various
times is shown in Table I and in Fig. 1 on a semilogarithmic scale.
The efficiency of clearance was striking in all 3 groups. Up to the 14th day
only small differences between the 3 groups were apparent.
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TABLE I.-Percentage of Administered Radioactivity in Whole Lungs at Various
Times
Group
[3H]3,4-
Benzopyrene
alone
[3H]3,4-
Benzopyrene and
asbestos
[3H]3,4-
Benzopyrene and
carbon black
Time
3 hours
6 hours
1 day
3 days
7 days
14 days
21 days
28 days
35 days
3 hours
6 hours
1 day
3 days
7 days
14 days
21 days
28 days
35 days
3 hours
6 hours
1 day
3 days
7 days
14 days
21 days
28 days
35 days
Exp. I
46 3 ±2 13t
22 63±0 16
20* 64±0 46
3 63±0 71
3 27±0 005
1*05±0*01
0 05±0 007
0 07±0 007
0*04
52-51±0 35
37* 78j0 41
16*15±0* 86
8 79±0 42
1.01±0-09
0*36
0 24±0 02
0 31±0 06
0 17±0 005
44 99±1* 79
30 97±2 61
14.21±1.32
1 63±0 23
0 67±0 06
0 32±0 05
0 4 ±0 05
0 27±0 01
0 25±0 02
Exp. I and
Exp. II II together
.46 3 ±2 13
.22 63±016 . 20 64±046
6 16±0 76 4*9 ±0 4
1-29±0098 . 2 28±018
028±0008 . 0 67±007
0-12±O0O17 . 0094±0.01 0. . ±07±0007
0 04
10 86±1-73
2-02±0-5
0-41±0 06
0 3 ± 0-017
0-25±0*01
3.97±0- 18
1-04±0-1
0 4510 028
0 30±0 05
0-25±0-04
52 51±0 35
37. 78±0 42
16- 15±0- 86
10 03±0 77
1 61±0 25
0 40±0 034
0 27±0 009
0 27±0 01
0 17±0-005
44 99±1-79
30 97±2-61
14.21±1.32
3-03±0-27
0 86±0-056
0-37±0-02
0 35±0 025
0-26±0-01
0-25±0-02
* Total lung radioactivity after removal of lung macrophages.
t Standard error.
It is not certain whether these differences are real, though they were also seen
in a further experiment not recorded in Table I: on the 3rd day after treatment
an average of 13% ofthe radioactivity was found in the lungs of 3 hamsters given
BP and asbestos compared with 5% following treatment with BP alone, and 6O%
following treatment with BP and carbon black.
The extent and consistency of the differences between the groups from the
21st day onwards suggests that they are real. After 21 days both asbestos and
carbon black significantly increased the retention of radioactivity.
The residual radioactivity in liver, kidneys and blood
The mean percentage of the total radioactivity in liver kidneys and blood
(1 ml.) are represented in Fig. 2, 3 and 4.
The amount of [3H]BP and its metabolites in liver was similar in animals
treated with BP + carbon black and BP + asbestos (Fig. 2). After BP alone
less radioactivity was present in liver at all times after the 3rd day, although the
differences between the groups were not large.
In the kidneys (Fig. 3) there was no difference during the first 21 days of the
experiment, but after 28 days there was again less radioactivity in the group
treated with BP alone.
Exp. IV*
38. 73±0 55
25* 12±3 69
1 16±0 12
0 27±0 01
0 106±0 005
40 49±1- 6
31-94±0 34
1 04±0 08
0 34±0 05
0-2340-01
45 00±0- 65
25 30±1.44
1 24±0 15
0 39±0 07
0-18±0 02
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*-* [3H] 3.4-Benzopyrene alone
o-o [3H] 3,.4-Benzopyrene * asbestos
0-4 [3H] 3.,-Benzopyrene + carbon btack I i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
7 14 21 2
Time in days from singte intratracheat injection
FIG. 1.-Clearance of [3H]3,4-benzopyrene from lung.
28
e.-* [3H] 3.4-Benzopyrene alone
o.o [3H] 3.4-Benzopyrene + asbestos
0-4 [3H] 3,4-Benzopyrene + carbon black
Time in days from single intratracheat injection
FIG. 2.--[3H]3,4-benzopyrene in liver.
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In blood (Fig. 4) radioactivity fell most quickly in the BP + carbon black-
treated group whilst in animals treated with BP alone it remained high.
Excretion ofradioactivity in urine andfaeces
The mean percentages of the total administered radioactivity in 24-hour
samples of urine and faeces are shown in Fig. 5 and 6.
0_ [3H] 3,4-Benzopyrene alone
o-o [3H] 3,4-Benzopyrene + asbestos
*--4 [3H] 3,4-Benzopyrene + carbon btack
Time in days from single intratracheat injection
FIG. 3.-[3M]3,4-benzopyrene in kidneys.
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*-* [3H] 3,4-Benzopyrene atone
o-o [3H] 3,4-Benzopyrene + asbestos
*-___ [3H] 3,4-Benzopyrene + carbon black
1 3 7 14 21
Time in days from singte intratracheat injection
FIG. 4.-Blood level of [3H]3,4-benzopyrene.
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The radioactivity in urine at various times after intratracheal injection was
similar in all three groups of experimental animals (Fig. 5).
In faeces (Fig. 6) there appeared to be an earlier fall after treatment with
BP + carbon black (between 14 and 21 days) than after treatment with BP
alone (between 21 and 28 days).
u'UI
*-* [3H] 3.4-Benzopyrene alone
o-o [3H] 3, 4- Benzopyrene + asbestos
*-4 [3H] 3,4-Benzopyrene . carbon black
3 7 14 21 36
Time in days from single intratracheal injection
FIG. 5.-Excretion of [3H]3,4-benzopyrene in urine.
100
.|-** [3H] 3,4-Benzopyrene alone
0o-o [3H] 3,4-Benzopyrene . asbestos
|--- r3H] 3,4-Benzopyrene . carbon black
3 7 14 21
Time in days from single intratracheal injection
FIG. 6.-Excretion of [3H]3,4-benzopyrene in faeces.
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The total excretion of the label over 36 days in urine and faeces was similar,
rather more being excreted in the faeces.
Number and radioactivity of lung macrophages
The results of these experiments are shown in Fig. 7 and 8.
In Fig. 7, the total numbers of macrophages recovered from the lungs at
different times after treatment are represented on a semilogarithmic scale. More
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FIG. 7.-Changes in lung macrophages. Each point represents mean value for 5 or 6 hamsters.
macrophages were recovered after the administration of BP + carbon black
than after other treatments, and the numbers did not decrease greatly during the
first 21 days of the experiments. Asbestos also increased the number of macro-
phages in comparison with the group given BP alone. At 21 days a mean of
2000 macrophages was obtained from the lungs after treatment with BP alone,
70,000 from BP + asbestos-treated animals, and 170,000 from BP + carbon
black-treated animals.
Fig. 8 shows the radioactivity per macrophage plotted against time. At all
times, this value was higher in the group treated with BP only, than in those
given BP + asbestos or BP + carbon black. In Groups II and III, the radio-
activity per macrophage was similar during the first week, but later it was higher
in response to BP + carbon black than to BP + asbestos. This experiment was
repeated and the differences were confirmed.
The total radioactivity of lung tissue after washing out macrophages is shown
in Table I, as Experiment IV. The washing out of the lungs to obtain macro-
----I
I
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phages did not appear greatly to change the levels ofresidual radioactivity, which
were essentially similar to those in the unwashed lungs in Experiments I and II.
-5
*0 [3H] 3,4-Benzopyrene alone
o-o [3H] 3,4-Benzopyrene + asbestos
° o[H] 3,4 * Benzopyrene + carbon black
a,
10
a
E
a,
k0.
lo-8 I I
1 7 14 21
Time in days from single intratracheal injection
FIG. 8.-Radioactivity per macrophage. Each point represents mean value for 5 or 6 hamsters.
DISCUSSION
For practical purposes it is reasonable to assume that the pattern of distribu-
tion and elimination ofthe tritium label accurately reflects that ofthe BP molecule
itself or its metabolites.
The rate of elimination of 13H]BP like that of other materials (see Roe, 1968,
for review) depends on several factors. The presentresults suggestthatthe period
of clearance of material from the lung falls into 2 distinct phases, the first rapid
and the second much slower. Much evidence in the literature both from studies
on human lungs and from studies on animal lungs points to a similar conclusion
(GreenandLane, 1964; Davies, 1949,1952,1961; LaBelleandBrieger, 1959; Cember
et al., 1956; Hatch and Gross, 1964; and many others).
In the present experiments the initial, more rapid period ofelimination lasted
for about 2 weeks and was little influenced by the presence of the adsorbants,
asbestos and carbon black. During that period 99% of label injected intra-
tracheally was eliminated (Table I). The second, slow, period of elimination
began between the second and the third weeks of the experiment. By that time
it is probable that virtually all the free BP (i.e. unadsorbed or adsorbed on to
eliminable dust particles) had been eliminated from thelung. As shown in Table I
and Fig. 1, after 2 weeks there was a significant difference in the level of radio-
activity in the lungs between groups of animals injected with BP alone and those
112ELIMINATION OF RADIOACTIVITY IN HAMSTERS
injected with BP + asbestos or BP + carbon black. Pylev (1962, 1964) reported
previously that the deposition and accumulation of carcinogen in lung tissue is
important in relation to the induction of lung cancer. Although the residue
of BP 2-3 weeks after a single intratracheal instillation is small-the level may be
progressively raised by repeated instillations (Shabad, Pylev and Kolesnichenko,
1964). In this context, the threefold increase in the amount of the residue
after a single instillation of BP with asbestos or carbon black may well be of
considerable significance, particularly as the studies of radioactivity after washing
out macrophages suggest that the BP-laden dust particles had penetrated into the
lung substance. It is of interest that two compounds as dissimilar as asbestos
and carbon black should have the same effect on retention of BP. The similarity
of their effects suggests that it is simply their particulate nature combined with
an ability to adsorb BP which prolonged the retention of the latter.
La Belle and Brieger (1959) attempted to estimate the number of lung macro-
phages in rats which had inhaled, or were injected intratracheally with, carbon
black. They found that the rate of clearance of lung depended directly on macro-
phage activity. In the present experiments the instillation of BP + asbestos or
BP + carbon black stimulated the macrophage activity more than BP alone,
but the radioactivity per macrophage was less in the former than in the latter.
The levels of radioactivity in other organs and in blood, urine and faeces was
similar irrespective of whether BP was given alone or mixed with a dust. The
only constant difference observed was after the 14th day when the blood level in
the BP + asbestos and BP + carbon black treated animals was lower than in
hamsters given BP alone.
The results, like those of previous studies, suggest that the inhalation of
insoluble particulate matter may be expected to enhance the carcinogenic effects
of inhaled carcinogens such as BP. In connection with the cigarette smoking
habit, this may mean that more attention should be paid than hitherto to the
presence of chemically unreactive particulate matter in the smoke particularly to
the presence of unburnt carbon particles. The results also suggest a mechanism
whereby the inhalation of relatively inert dusts, such as asbestos, is associated
with an increased risk of cancer development. Particles of asbestos in the lung
tissue too large for macrophages to remove or below the bottom step ofthe mucus
escalator, adsorb BP and other carcinogens from inhaled air or cigarette smoke and
in doing so effectively prolong the residence of BP in the lungs. In this connec-
tion, a recent report by Selikoff and his colleagues (1968) is especially interesting.
They found that the mortality from lung cancer among a group of asbestos
workers was dependent upon, not only their exposure to asbestos dust, but also
their smoking habits. In their study of 370 asbestos insulation workers, not one
of 87 smokers died of bronchogenic carcinoma, whereas 24 out of 283 workers
with a history of regular cigarette smoking died of the disease. Confirmation
of this finding in relation to exposure to asbestos fibres, and possibly to other
industrial dusts, is clearly an important growing point for further research.
SUMMARY
A study in hamsters of the distribution and elimination of radioactivity after
a single intratracheal instillation of a suspension of [3H]3,4-benzopyrene (BP) in
aminosol vitrum 100%, or of mixtures of BP and asbestos or of BP and carbon
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black in the same suspending medium, is reported. During the first 3 weeks of
the experiment, radioactivity disappeared rapidly from the lungs irrespective of
the presence or absence of carbon black. After 21 days, however, both asbestos
and carbon black significantly increased retention ofradioactivity. More macro-
phages could be recovered by use of a standard washing technique after the
administration ofBP + carbon black or BP + asbestos, than after the administra-
tion of BP alone, but the radioactivity per macrophage was highest in the group
treated with benzopyrene only.
The levels ofradioactivity found in liver, kidneys, blood and urine were similar
in the 3 groups of animals. In the faeces there was an earlier fall ofradioactivity
after treatment with BP + carbon black (between 14 and 21 days) than after
treatment with BP alone (between 21 and 28 days.
The significance of the results in relation to the causation of lung cancer in
man is briefly discussed.
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